Abstract-We have investigated experimentally the pulse train (mode beating) stability of a monolithic mode-locked multi-section quantum-dot laser with an added passive auxiliary optical fiber cavity. Addition of the weakly coupled ( 24 dB) cavity reduces the current-induced shift of the principal peak in the RF spectrum (the effective pulse repetition frequency) by more than an order of magnitude, from 39 5 to 2 3 kHz/mA. The rms timing jitter of the pulse train is simultaneously reduced from 1.4 to 0.9 ps.
Investigations of Repetition Rate Stability of a Mode-Locked Quantum Dot Semiconductor Laser in
an Auxiliary Optical Fiber Cavity
I. INTRODUCTION

I
NVESTIGATION of the pulse trains emitted by mode-locked semiconductor lasers with a view to improving their stability and precision is crucial for the viability of application of these lasers in optical sampling, clocking, ranging, tomography, clock recovery and data stream regeneration, optical storage, two-photon fluorescence and microscopy [1] , [2] among other applications. In particular, control and stabilization of the pulse repetition rate and reduction of inter-pulse timing jitter are essential. Many diverse frequency stabilization techniques have been studied intensively: optical feedback, external cavity feedback, electronic locking or electronic servo control. Electronic stabilization of the pulse repetition rate and reduction of timing jitter by a factor of 7.5 (500 Hz-100 MHz) have been demonstrated [3] . Other techniques include hybrid stabilization using optical feedback from a fiber-optical cavity resulting in a beat frequency linewidth reduction by a factor of [4] . Reduction of timing jitter of a ring dye laser by a factor of 2.2 (5 kHz-50 kHz) by referencing the cavity frequency to an external resonator has been reported [5] . Timing jitter reduction of a mode-locked semiconductor laser by referencing to an external atomic clock by a factor of 10 (1 Hz-100 MHz) has been reported [6] . Another possibility of enhancing pulse train stability is the application of non-frequency selective external feedback. The stabilization potential of a combination of a passively mode-locked semiconductor laser with an optical fiber cavity and non-frequency selective mirror has yielded picosecond pulses with high peak power under continuous current injection [1] , [7] , [8] . An antireflective coated InGaAsP-InP 1.3 m two-section laser with proton-bombarded trench section in a passive external mirror cavity resulted in passive mode-locking at harmonics of the cavity round-trip time [9] . Weak resonant optical feedback has been employed to stabilize the fundamental beat frequency of a GaAlAs laser in a confocal reference cavity [4] . By applying optical feedback to a two-section semiconductor laser in conjunction with hybrid mode-locking the laser at a fixed modulation frequency on the short section, a considerable reduction of the timing jitter of a factor of 3.4 was reported [10] . Weak fiber-optical feedback leads to significant reduction in the central RF peak of close to two orders of magnitude when applied to a multi quantum well three-section laser [11] . Besides, the rate of change of the RF peak (effective pulse repetition rate) with current gives an indication on the stabilization influence. For a CW single-section laser diode with an external resonator, frequency pulling of 400 kHz/mA of the RF peak was reported [12] . For multi quantum well semiconductor ring lasers a frequency pulling and of kHz/mA and MHz/K are observed [2] . Much recent research on mode-locked quantum dot lasers has focused on comprehensive investigations on the pulse-to-pulse timing jitter performance and minimization of rms jitter [13] - [15] .
In this paper we experimentally study the potential of a weakly coupled passive auxiliary optical cavity to stabilize 0018-9197/$26.00 © 2009 IEEE the central beat frequency (effective pulse repetition rate) of a mode-locked quantum dot laser. The empty auxiliary cavity is a fixed-length configuration and is expected to reduce the deleterious effects of inevitable carrier fluctuations through injection current and reverse-bias voltage variations which induce drifts of the central RF peak as well as unintentional amplitude and frequency noise. By applying optical feedback to a mode-locked semiconductor laser via a passive auxiliary cavity, we expect constructive feedback at distinct frequencies of the auxiliary cavity modes that are spaced by the inverse of the delay of the auxiliary cavity, i.e., the formation of a mode comb. As the optical delay in the auxiliary cavity is constant, referencing and stabilizing the principal peak of the beat frequency spectrum to the inverse of the round-trip time is anticipated. Optimum pulse train stabilization is expected by matching the circulating pulses propagating in the main laser cavity with those in the auxiliary cavity. Given that quantum dot lasers can exhibit reduced dispersion and increased gain relative to quantum well lasers, the former should make ideal candidates for studying effects of optical feedback on stabilization of the RF beat spectra [16] .
The paper is structured as follows: in the following section we describe the feedback configuration we applied to our modelocked quantum dot laser. We then present the results of experimentally observed radio-frequency spectra in free-running operation as well as with weak optical feedback intended to stabilize the central beat frequency. We then investigate the effects of different feedback conditions on the pulse timing jitter and quantify the reduction of timing jitter under appropriate feedback. Subsequently we discuss the obtained results by describing the stabilizing influence of the auxiliary cavity on the timing jitter distribution. Finally, potential to reduce externally stimulated strong timing jitter is demonstrated.
II. EXPERIMENTAL RESULTS AND DISCUSSION
The device under investigation is a commercially available fiber coupled multi-section quantum dot based semiconductor laser from Innolume GmbH (Former Nanosemiconductor GmbH). The active medium consists of a Dot-in-a-well (DWELL) structure of 10 layers of InGaAs quantum dots embedded into GaAs. As schematically indicated in the inset of Fig. 1 , the laser chip is processed into 3 m 300 m long absorber sections, each separated by a 700 m long gain section. Next to these sections, six long and three short sections are operated as gain sections such that a total laser cavity length of mm is formed. The device is operated at a constant heat sink temperature of 20 C. The gain sections are driven by a precision DC current source and a reverse bias from a DC voltage source is applied to the absorbing sections. All measurements were performed at a fixed reverse-bias voltage of V, verified to be well within the mode-locking regime of the laser module.
Stability of the fundamental beat frequency was investigated experimentally, with precise control of the applied amount of weak optical feedback by a passive fiber optical auxiliary cavity. A total accessible feedback range of 24.2 to 73.2 dB estimated at the laser facet is obtained. The experiment is Fig. 1 . Experimental configuration for investigating the influence of delayed optical feedback of an all fiber-based passive auxiliary cavity on the RF spectral stability of a quantum dot mode-locked laser. The external feedback is controlled by a variable reflector. Optionally, a set of optical fiber lengths, providing multiple incoherent or distributed feedback, allows investigation of strong external feedback on the beating stability and the timing jitter. The inset schematically depicts the electrical contacting scheme for gain and absorber sections.
shown schematically in Fig. 1 . Feedback is provided by directly connecting the fiber-coupled output of the laser module to a fiber-coupled variable optical reflector. The resulting actual fiber length of the feedback setup is 5.3 m, resulting in a mode comb separated by MHz. The variable optical back-reflector provides continuous tuning of the feedback fraction at the laser facet, with effective reflection coefficient varying between to dB. A dB coupling efficiency between the fiber and the laser is reasonably assumed and has to be taken into account additionally. A fiber-coupled InGaAs p-i-n photo-detector (Newport 400FC) was used to monitor the amount of optical feedback. A fiber-coupled high-speed InGaAs photo-detector ( T XPDV 10220R; bandwidth 50 GHz) was connected to a broadband electrical spectrum analyzer (Agilent E4448A PSA series; bandwidth 50 GHz) to analyze the emission dynamics of the laser under optical feedback in the radio-frequency domain. A pair of single-stage optical isolators, each with an isolation of dB at 1.3 m, ensure that back-reflections from the photo-detector were suppressed. Polarization effects of the fiber components were excluded by maximizing the radio-frequency amplitude response and a stable mounting of the optical components on the experimental bench.
A. Fundamental Laser Characterization
Prior to investigating the RF peak (mode beating) stability of the laser with fiber optical feedback, we measured output powers and SHG auto-correlation pulse widths. Fig. 2 shows the optical output power , the reverse-bias current in the absorbing sections, the auto-correlation pulse widths and amplitude of the optical auto-correlation signal for increasing injection and fixed reverse-bias V. At that reverse bias, the laser threshold current is 60 mA (threshold current density is 211 A/cm , 21.1 A/cm per DWELL layer). Average output power is 12.5 mW at 96 mA. Pulses are emitted above 80 mA with minimum deconvolved width of 12.1 ps FWHM. The auto-correlation pulse peak power evolves linearly with increasing injection current. At 168 mA a step-like decrease in auto-correlation amplitude and a simultaneous slight discontinuity in the pulsewidth is caused by an artifact which stems from manually adjusting the gain setting of the auto-correlator. We identified proper mode-locked operation by simultaneously observing a sharp increase in intensity of the RF peak accompanied by a small RF linewidth kHz as well as a sharp reduction of timing jitter. The auto-correlation function contrast in the applied non-collinear second harmonic generation (SHG) background-free intensity auto-correlator was measurement limited so we were not able to measure the background. Additionally, no low frequency noise was observed within the investigated operating regime. Detailed measurements of the SHG auto-correlation pulse width, amplitude and shape with the auxiliary cavity were compared to passively mode-locked condition without feedback. No shortening or significant broadening of the optical pulses and no change in the pulse shape due to the linear, passive auxiliary cavity were observed. For that reason, detailed auto-correlation studies under low feedback were not performed. The width of the longitudinal multimode spectrum ( dB) increases with increasing injection current from 5.0 nm at 96 mA to 6.0 nm at 132 mA. The maximum spectral width is 8.7 nm at 198 mA. The central emission wavelength at 200 mA was 1245 nm. Together with the increase of the pulsewidth [ Fig. 2(b) ] this indicates that the mode-locking covers not all available longitudinal modes.
B. Central Beat Frequency Stability
Experimental studies of the stability of the mode-locked RF spectrum and subsequent timing jitter analysis were performed at the fundamental beat frequency using single-sideband phase noise measurement procedures. We concentrate on the analysis of the mode-locking beat frequency and the radio-frequency spectral width and amplitude, respectively. The corresponding beat spectra were recorded as a function of the total current to the gain sections. All measurements were performed at a fixed reverse bias voltage of V. For all investigations we focus on injection currents below 120 mA, as experimentally derived maps of mode-locking suggest the optimum mode-locked regime lies below that injection current. The evolution of the radio-frequency power spectrum of the laser in passively mode-locked operation is shown in Fig. 3 . We observed stable mode-locking with picosecond optical pulses starting at 91.5 mA where the fundamental central beat frequency of GHz is observed. Proper mode-locking is indicated, amongst others, by a strong signal-to-noise ratio of dB. While increasing the injection current up to 115.5 mA, the central beat frequency gradually shifts from towards shorter frequencies. A total frequency pulling of kHz is observed up to 115.5 mA. We then applied optical feedback dB and recorded more RF spectra. Fig. 4 (a) illustrates the evolution of the power spectral density of the RF beat spectra for this feedback level.
We observed a two-fold effect while increasing the injection current. Firstly, the central RF peak appears in conjunction with a set of equally-spaced narrow peaks forming modulation sidebands. We will refer to this set of narrow lines as the mode comb of the auxiliary cavity. However, the observed mode-comb spacing does not amount to 19.9 MHz but to 6.5 MHz, i.e., one third, corresponding to an optical path length of 8.6 m (group index of the fiber 1.45). We attribute this sub-harmonic effect to a longer time scale amplitude or phase modulation of the train of pulses inside the external cavity. At an injection current of 91.8 mA, the central beat frequency is GHz. By increasing the current to 94.2 mA, a switch of towards higher frequencies to GHz is observed. Between 106.2 and 109.2 mA, a switch back to appears, followed by an additional switch between 109.2 mA and 112.8 mA to and back to GHz at 115.2 mA. We attribute this asymmetric detuning to a non-vanishing alpha-factor [17] . We now increase the feedback to dB and compare the RF beat spectra in Fig. 4(b) with Fig. 4(a) . There are two trends which can be identified. At 91 mA the central peak is 4.9651 GHz and the dominant mode-comb frequency spacing is expected MHz. Additionally, the next higher harmonic side-mode frequency equal to evolves. The relative position of the central beat frequency changes with reduced slope of kHz/mA within the regime from 91.2 mA to 115.2 mA. Hence, the main RF peak is conspicuously robust against variations of the injection current over the complete range of investigated injection currents.
We observed clear stabilization of the mode-locking central beat frequency-the effective pulse repetition rate-by applying an empty, passive, auxiliary cavity to the laser. The reduced slope clearly indicates that interaction between the laser cavity and auxiliary cavity is established so that the mode-locking central beat frequency adapts itself or locks to the modes of the auxiliary cavity mode comb. At that point, the main cavity beat frequency is an integer multiple of the round-trip frequency (nominal mode spacing) of the auxiliary cavity.
C. Phase-Noise-, Timing Jitter Stability and the Existence of a Feedback Threshold
Complementary to the investigations on the pulse repetition frequency stabilization and the associated auxiliary cavity modes, we investigated the single-sideband phase noise and rms timing jitter in solitary operation and under weak optical feedback. An estimate of the root-mean-square timing jitter can be obtained by integration of the single-sideband noise spectral density of phase fluctuations per Hz of the central beat frequency between specified low and the high frequency limits and [18] , [19] (2)
The method of direct detection by radio-frequency analysis allows estimation of the total rms timing jitter, consisting of both amplitude and phase noise contributions. We investigate timing jitter in the free-running laser and then as function of feedback and injection current. We determine jitter in a frequency interval from kHz to an upper offset-frequency limit chosen to be half of the side-mode spacing frequency . This upper integration frequency, which was applied in the solitary as well as the feedback case, was chosen for two reasons. First, we expect the majority of the jitter to arise in close proximity to the central peak [18] . Second, we suppose that the modes created from the external cavity are caused in first approximation by pure amplitude modulation. Under this assumption, all apparent auxiliary cavity modes contain the same fundamental jitter. This assumption is based on the jitter contributions of increasing auxiliary cavity modes, starting at the fundamental beat frequency (mode number ) up to the maximum detectable cavity mode at and 115.8 mA. We experimentally observe that the integrated timing jitter marginally changes with increasing number of auxiliary cavity mode with ps. This corresponds to a relative change of %. By studying the timing jitter up to , we thus avoid to integrate multiples of the fundamental jitter.
In the following we investigate the evolution of the phase noise spectra within an integration range from 20 kHz to 3.25 MHz to be consistent with . Fig. 5 depicts the obtained phase noise spectra for injection currents of 98.4 mA (a) and 115.2 mA (b). At optical feedback levels dB and dB, the noise spectral density evolves at dB/decade. At the maximum feedback of dB, a steeper slope of dB/decade is measured. By increasing the feedback level from dB to dB, distinct reduction of the phase noise is observed. A maximum reduction of 14 dB is observed close to the peak at an lower offset frequency of 20 kHz. At 98.4 mA, the reduction decreases to 3 dB at an offset frequency of 300 kHz. The corresponding timing jitter dependence on the injection current at the feedback levels of dB, dB and dB is depicted in Fig. 6(a) . At minimum feedback of dB, the timing jitter evolution exhibits large variations and a clear trend is not evident. By increasing the feedback to dB no major changes in the spectra are observed, besides a tendency to lower timing jitter ps at injection currents above 105 mA. However, at a maximum feedback level of dB, we observe a two-fold effect. On the one hand, we measure the lowest timing jitter in the presence of feedback: ps (20 kHz-3.25 MHz) at 98.4 mA. On the other hand, by increasing the injection current from 98.4 mA to 115.2 mA, monotonic increase of the timing jitter to ps is found. By investigating the influence of the feedback level on the timing jitter in Fig. 6(b) , a substantial lowering of the timing jitter is observed for increasing feedback levels. This is indicated by a reduction of the timing jitter of a factor of 3.5 at 98.4 mA, 3.2 at 106.8 mA and 1.9 at 115.2 mA. By comparing the free-running timing jitter to that with feedback, an overall reduction of the timing jitter is clearly observed. The maximum reduction amounts to a factor of 2.2 at an injection current of 105 mA.
This improvement of the timing jitter can be related to the previously observed interaction between the pulses propagating inside the active region of the laser and inside the auxiliary cavity, as schematically sketched in Fig. 7 , in the following way. The three graphs in the left column of Fig. 7(a) -(c) schematically depict relative pulse positions, referenced to an ideal mode comb of equidistant comb spacing, the three graphs in the right column represent the associated timing jitter distributions. Firstly, we assume that the lengths of the main cavity and the auxiliary cavity is an integer multiple of the number of pulses inside the main laser cavity for most effective feedback. We then postulate that there is an ideal beat frequency , where mode-locking is optimum. Secondly, we suppose that a pulse has a random time deviation from the ideal pulse position referenced to the ideal comb with a period proportional to the inverse beat frequency, i.e., the jitter and that this deviation has a distribution of width [ Fig. 7(a) ]. Additionally, we assume that an internal pulse accrues some random time deviation relative to a pulse returning from the auxiliary cavity. Both pulses should have the same distribution of this time deviation as they all arise from the same carrier population variations. Furthermore, we suppose an interaction mechanism between pulses inside the laser cavity, e.g., based on mutual cross-saturation of gain or loss, or refractive index coupling, or any other fast mechanism involving the nonlinear semiconductor medium [ Fig. 7(b) ]. The latter assumption is supported by experimentally observed locking or snapping of the central beat frequency to a mode of the auxiliary cavity. With these assumptions it is reasonable to assume that by coupling an auxiliary cavity to the laser an internal pulse of amplitude and an external pulse propagate inside the main cavity, resulting in two independent time deviation distributions and , and that a nonlinear interaction of both internal and external pulse leads to a smaller time deviation distribution of width .
[ Fig. 7(c) ]. The result of this interaction of pulses can be modeled by calculating the width of the resulting time deviation distribution of two pulses following with being random time deviations for internal pulse , and external pulse whose elements are uniformly distributed in an arbitrarily chosen interval . Hence, the new distribution of the average time deviation has a smaller width than the distribution of a single pulse [ Fig. 7(c) ]. This can be understood as follows. In most cases both internal and external pulses have an opposite time deviation which then combine to yield a smaller time deviation. At an assumed feedback of 100% and an interaction strength of 100% a reduction of the width of the timing jitter distribution of % is expected by applying a passive cavity for auxiliary mode comb enhancement. This consideration is initially valid for one round-trip, thus multiple-roundtrips may additionally help in reducing the timing jitter because after each round-trip the width of the distribution iteratively decreases.
We have observed a pronounced improvement of the stability of the central beat frequency and, in conjunction, a reduction of the timing jitter under weak optical feedback. Moreover, we also see the existence of a feedback threshold or interaction threshold by studying timing jitter with increasing injection current and varying feedback in Fig. 6(a) . Starting at a feedback of dB and 105 mA, a steplike decrease of the timing jitter is measured, whereas at a feedback of dB no such effect is observed. By increasing the feedback to dB a conspicuously strong reduction in the timing jitter occurs, as already discussed. This sudden stabilization at the highest applied feedback level suggests that a threshold exists i.e., minimum feedback level where the central RF peak is stabilized strongly. In the following we will refer to that phenomenological threshold as a feedback threshold [20] . This peculiarity is possibly related to an interaction between pulses in the main laser cavity and the auxiliary cavity as outlined above. Configuring the external feedback in a way that this feedback threshold is exceeded, stabilization of the central RF peak together with reduction of the timing jitter is expected. However, below that threshold, the system is less stable as evident by increased timing jitter and a RF peak not locked to a single auxiliary cavity mode. 
D. Potential of Reducing Strong, Externally Stimulated Timing Jitter
Data in the previous section showed that internal jitter is reduced by an auxiliary cavity. We now test that hypothesis further by adding more timing jitter artificially to see if this can also be reduced. In addition to its theoretical interest, the question of how strong external jitter can be reduced is significant given that real fiber-optic systems exhibit various sources of fluctuations, such as temperature or mechanical stress. In order to generate strong external jitter it is not sufficient merely to increase the feedback level as a stabilizing effect will occur, as observed in the timing jitter analysis. For that reason, a large amount of weak jitter is essential in order to ensure sub-feedback threshold condition. Also the sources of this jitter need to be asynchronous to avoid coherent superposition effects of discrete jitter components.
To satisfy these strict requirements, a slight modification in the setup in Fig. 1 is needed: introducing a variety of optical fiber patch cables of different lengths, interconnected via commercially available fiber adapters, in front of the variable reflector, should generate broad-spectrum feedback. This together with additional feedback from a 80 m long single mode optical fiber, ensuring that also low frequency components add to the distributed feedback, should cause strong increase in the timing jitter, to test if this can be suppressed in our system. At first we again investigated the stability of the central RF peak, followed then by the analysis of the timing jitter under various levels of optical feedback . We applied optical feedback dB to the laser and recorded again the radio-frequency spectra as a function of the injection current. The resulting beat spectra are shown in Fig. 8 . In contrast to the spectra for solitary operation in Fig. 3 , the most pronounced property of the spectra under applied feedback is the presence of a broad noise pedestal over the complete investigated injection current range. The width of the pedestal is MHz. This noise pedestal is generated by the distributed feedback and appreciably broadens the fluctuation spectra. The central beat frequency is GHz at 93.8 mA as shown in the lowest trace in Fig. 8 and indicating an initial frequency pulling of 0.9 MHz. By increasing the injection current from 93.8 mA to 103.4 mA, the relative position of the central RF peak changes with a slope of kHz/mA to GHz. On further increasing the injection current up to 115.4 mA a substantially reduced slope of kHz/mA (from 103.4 to 115.4 mA) is observed. As reported for the case of weak optical feedback, the corresponding spectra are depicted in Fig. 4(a) and (b), we explore here an equivalent improvement of the beating stability of the mode-locking carrier frequency . We subsequently investigated the evolution of the phase noise spectra and related timing jitter under combined master (long 80 m fiber) and distributed feedback condition. The corresponding integrated timing jitter obtained at two laser injection currents is plotted in Fig. 9 . At an injection current of 98 mA we observe an increase of the timing jitter with increasing feedback level. However at 115 mA we observe strongly increased timing jitter of 7.5 ps (20 kHz-0.5 MHz) at the lowest feedback setting of dB, as estimated by the combined master and distributed feedback. The increased feedback leads to reduction of timing jitter to 2 ps (20 kHz-0.5 MHz) at the maximum applied feedback of dB. Consistent with the investigated timing jitter evolution under weak optical feedback, we see here both strong enhancement of timing jitter, as intended, and also reduction of the externally stimulated jitter, by increasing the feedback strength up to dB. One additional effect is noteworthy in Fig. 8 . Above a certain feedback threshold, in this case above an injection current of 101 mA, modes of the auxiliary mode comb with a constant spacing of of MHz evolve. Simultaneously the central beat frequency is stabilized as indicated by a minimized shift with increasing injection current. In addition, the timing jitter evolution at an injection current of 98 mA supports our findings in that the jitter increases with increasing feedback below a threshold. Above that threshold, the feedback provided by the auxiliary cavity starts to become effective and, as already expressed, the existence of such a feedback threshold is consistently observed.
III. CONCLUSION AND OUTLOOK
We have performed systematic measurements of the mode beating stability of a GHz monolithic mode-locked multisection quantum dot laser emitting at nm by detailed The scaling shown for the lower curve is valid for all traces. However, the traces are vertically offset for better visibility. Spectrum analyzer settings: 10 kHz resolution bandwidth and 1 kHz video bandwidth filter. experimental studies of the radio-frequency spectra and particularly its central peak which dominates the pulse repetition frequency. By applying fiber-based passive optical feedback from an auxiliary cavity to attain an equally spaced auxiliary mode comb, we avoid any mechanical and temperature dependences of optically coupling the laser light. We elucidate the fact that delayed optical feedback from a passive auxiliary cavity has a two-fold effect depending on the operating parameters of the laser as well as the feedback level. By choosing injection current settings for optimum mode-locking and accurate control of the feedback, a ten-fold improvement of the central beat frequency stability over the whole injection current range is achieved, compared to the current tuning of the solitary laser. Hence, we demonstrate the potential of a simple passive, weakly coupled auxiliary cavity to substantially enhance the stability of the pulse trains as evident from RF spectra. Simultaneous lowering of timing jitter of the emitted pulses is observed together with a locking in specific ranges of laser injection currents.
Further intensive studies on the beating stability of monolithic mode-locked quantum dot lasers are necessary to understand of the physical processes behind the complex interplay between laser modes and the modes of the auxiliary cavity. Promising lines of investigation include the detailed length dependence of the timing jitter reduction and of the interaction threshold of the pulses propagating inside the laser cavity and the pulses in the auxiliary cavity. Furthermore, it would be useful to modify the feedback arrangement to allow higher feedback levels and the incorporation of an semiconductor optical amplifier.
